Introduction
Cranial radiotherapy is one of the most important therapeutic methods for the treatment of various types of primary and metastatic brain tumors (Bhandare and Mendenhall, 2012) . Although conventional photon irradiation (including X-rays, 60 Co rays and γ-rays) has significantly improved the treatment of cancer, the central nervous system is prone to damage after high-dose irradiation, resulting in severe delayed or progressive nervous tissue injury (Campen et al., 2012; Siegel et al., 2012) . Growing evidence from studies has revealed that exposure to irradiation is closely associated with cognitive impairment in brain tumor patients after radiotherapy (Greene-Schloesser et al., 2012; Parihar and Limoli, 2013; Warrington et al., 2013) . A heavy ion beam has high linear energy transfer characteristics and it forms a narrow Bragg peak which contributes to a superior biological dose distribution, thus maximizing the range of tumor cells killed. Unlike conventional photons such as X-rays, heavy ion beams have higher relative biological effectiveness and cause severer damage to tumor cells (Kanai et al., 1997; Fokas et al., 2009; Ohno, 2013) . Such remarkable biological traits and dose conformity reflect a rationale for the use of heavy ion tumor therapy in the central nervous system.
Despite the fact that high-linear energy transfer heavy ion therapy for brain tumors has improved curative effects relative to conventional X-ray based radiotherapy, severe radiation induced brain injury following this radiotherapy cannot completely be avoided and the toxic effects on normal brain tissue limit its application. The issues regarding brain radiation injury have been widely discussed, and recent investigations have emphasized changes in pathomorphology (Kurita et al., 2001; Valerie et al., 2007; Kim et al., 2008) . However, the underlying mechanism remains in debate. Some researchers have presumed that radiation injury is indirectly induced through direct physical damage and the production of free radicals, thus leading to degenerative lesions in the brain tissue (New, 2001; Acharya et al., 2010) ; while other studies have highlighted the contribution of cell apoptosis caused by DNA injury and changes in the surrounding microenvironment (such as oxidative stress and inflammation) (Okayasu et al., 2009; Kang et al., 2013) . However, few studies have focused directly on the investigation of radiation-induced nerve injury, and radiation damage to the neuronal microstructure and mechanical properties has rarely been evaluated.
The development of microtechniques allows the possibility of performing a quantitative study which addresses high-resolution living cell structural and mechanical properties. As a member of a family of scanning probe microscopes, the atomic force microscope is a highly versatile tool for biomechanical evaluation (Alessandrini and Facci, 2005; . It is not only capable of observing static or dynamic samples at the molecular level, but can also obtain high-resolution images of the samples under physiological conditions, including the visualization of cell surface morphology and ultrastructure. The atomic force microscope is used to study the mechanical properties of cells through applied force and to monitor the Young modulus of cells (Garcıá and Perez, 2002; Kuznetsova et al., 2007; Taatjes et al., 2013) . Evaluation of the topological structure and mechanical properties of each neuron will provide evidence regarding radiation-induced brain injury at the molecular level .
The aim of the present study was to observe the cytoskeletons and mechanical properties of living cortical neurons in new-born mice after heavy ion and X-ray irradiation. An immunofluorescence assay and atomic force microscopy were used to reveal the possible mechanism concerning neuronal cell damage caused by radiation therapy. This could provide a theoretical basis for effectively improving the protection of normal brain tissue in future cranial radiotherapy.
Materials and Methods

Animals
Healthy male and female BALB/C mice were provided by the Experimental Animal Center of Lanzhou University, China (license No. SCXK (Gan) 2013-0002) within 24 hours after birth. Protocols were performed in accordance with the Guidance for the Care and Use of Laboratory Animals, formulated by the Research Ethics Committee of Good Laboratory Practice of Lanzhou University in China.
Primary neuronal culture
The neonatal mice were killed on a superclean bench and sterilized in 70% alcohol for 5 minutes. Then the brains were hemisected, and bilateral cerebral cortices were dissected and cut into 1 mm 3 pieces. Dissected cortices were dissociated using 0.125% trypsin (Gibco, San Diego, CA, USA) at 37°C for 10-15 minutes, and trituration was carried out by pipetting using a Pasteur pipette. When the solution became flocculated, the digestion was terminated using DMEM/F12 complete medium (Sigma Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (Themor, Waltham, MA, USA). The cells were mechanically triturated, filtered and prepared into cell suspension. The obtained suspension was centrifuged at 99.17 × g for 5 minutes, and then the supernatant was removed. Suspensions of cells were diluted at a concentration of 1 × 10 5 cells/mL on glass slides pre-coated with poly-L-lysine (Wuhan Boster Biological Engineering, Wuhan, Hubei Province, China) on 35 mm dishes. Cultures were maintained in DMEM/F12 (Sigma-Aldrich) supplemented 10% fetal bovine serum, 5% D-glucose, 50 IU/mL penicillin and 0.05 mg/mL streptomycin for 4 hours. Then the cell medium was changed to serum-free Neurobasal-A medium (Gibco, San Diego, CA, USA) with 1% glutamine (Sigma Aldrich) and 2% B27 supplement (Invitrogen, Carlsbad, CA, USA). The cells were maintained at 37°C in a humidified incubator with 95% air and 5% CO 2 . Half of the medium was renewed every 3 days during the culturing period. Cellular growth was observed using an inverted phase contrast microscope (DE20, Zeiss, Oberkochen, Germany), and cells cultured for 7 days were used for the following experiments.
Identification of neurons
Neuron-specific marker microtubule-associated protein 2 was used for immunofluorescence staining to identify cortical neurons. In brief, after the neurons were cultured for 7 days, culture medium was removed, and the cells were washed three times in PBS and fixed in 2 mL of 4% paraformaldehyde at room temperature for 30 minutes. Subsequently, the fixation solution was discarded and the cells were rinsed again with PBS and cultured in blocking solution containing 0.1% TritonX-100, 10% goat serum and 3% bovine serum albumin at 37°C for 40 minutes. After discarding the blocking solution and another wash in PBS, the cells were cultured in rabbit microtubule-associated protein 2 polyclonal antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight, and with rhodamine goat anti-rabbit IgG (1:500; Santa Cruz Biotechnology) in the dark for 1.5 hours. The cell nuclei were labeled with 5 μg/mL 6-diamidino-2-phenylindole dihydrochloride (Sigma Aldrich) for 10 minutes, and washed three times in PBS for 5 minutes each wash. The immunofluorescence staining results regarding the cultured cells were photographed using a laser confocal microscope (LSM700, Zeiss) using anti-quench mounting solution. Ten vision fields at 40 × magnification were randomly selected to calculate the ratio of microtubule-associated protein 2-positive cells to DAPI staining cells, to determine the purity of the cultured neurons.
Irradiation using a heavy ion beam or X-rays
After culturing for 7 days in vitro, cells were irradiated with a high-linear energy transfer carbon ion beam at an initial energy of 235 MeV/u and an average linear energy transfer of 31.3 keV/μm generated at the Heavy Ion Research Facility in Lanzhou (HIRFL, Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu Province, China). Neurons received a single dose of 2 Gy at a dose rate of approximately 0.6 Gy/min.
Correspondingly, other cell cultures were irradiated with 100 kVp X-rays at a single dose of 4 Gy using a Faxitron 43885D X-ray machine (Tucson, AZ, USA) at a dose rate of 1.038 Gy/min.
Immunofluorescence staining of the neuron cytoskeleton
At 24 hours after the neurons were exposed to irradiation using the heavy ion beam or X-rays, the culture medium was removed and the cells were rinsed three times in PBS for 5 minutes each rinse. Cell cultures were fixed in 4% paraformaldehyde (2 mL; Sigma Aldrich) for 20 minutes at room temperature, followed by a 0.1% TritonX-100 incubation in PBS at 4°C for 10 minutes. Thereafter, cortical neurons were washed in PBS and blocked for 30 minutes in 10% (w/v) goat serum (1:50 in PBS; Sigma) at room temperature.
Cultures were again washed with PBS and incubated with primary antibodies (mouse anti-mice β-tubulin III, 1:500, Santa Cruz Biotechnology) at 4°C overnight. The cells were then washed in PBS and incubated with secondary antibody (FITC-conjugated goat anti-rat IgG, 1:500, Santa Cruz Biotechnology) for 1.5 hours in the dark. Then the microtubules were labeled with β-tubulin III and the nuclei were stained using 6-diamidino-2-phenylindole dihydrochloride. Finally, all fluorescent stained cells were visualized and pictures were captured using a fluorescence microscope (BX53, Olympus, Tokyo, Japan). The neurons that were not irradiated were used as the blank control group.
Atomic force microscope scanning
The three-dimensional topography and mechanical properties of the cells were measured using a NanoWizard III atomic force microscope (JPK, Berlin, Germany). The samples were mounted in the JPK liquid cell chamber and the scanning region was positioned using a monitor. Measurements were taken by means of a 100 μm scanner and UL20B silicon carbide probe, at a Poisson's ratio of 0.5 and a nominal spring constant of 2.8 N/m in contact mode. The images obtained were analyzed using JPKSPM data processing software, which was preassembled in an atomic force microscope. Young's modulus was measured by fitting the Hertz model to the acquired forces (Bernick et al., 2011) according to the following formula:
Where, F is the force on the bracket, E is the modulus of elasticity (Young's modulus), R is the radius of curvature of the needle tip, v is the Poisson's ratio (general 0.5) and δ is the depth.
Statistical analysis
Statistical analysis was performed using SPSS 16.0 software (SPSS, Chicago, IL, USA). Data were expressed as mean ± SD. One-way analysis of variance and the two samples t-test were used for comparison of the different groups. A P value < 0.05 was considered as being statistically significant.
Results
Identification of the purity of cortical neurons
Immunofluorescence staining revealed that microtubule-associated protein 2 positive products were located in the neuronal cell bodies and axons; glial cells were not stained. After culturing for 7 days, neurons exhibited intact cell bodies which were oval or polygonal in shape; they had a smooth surface and clear boundary, and synapses developed and connected into a dense network of nerve fibers (Figure 1) . The purity of cultured cortical neurons was calculated as 85 ± 5%. These findings suggested that the primary cells after 7 days in culture were mainly neurons, which could meet the requirements for cell purity in subsequent experiments.
Effects of heavy ion beams and X-ray irradiation on the morphology of cortical neurons
Under the inverted phase contrast microscope, we found that the non-irradiated neuronal cells (control group) exhibited uneven size, their cell bodies were plump and they had variable shapes including tapered, spindle and irregular. The abundant cytoplasm exhibited strong refraction and an obvious glow, while the nucleuses were large, round and looming.
Most control neurons displayed an arborizing neurite growth characterized by numerous branching. They were connected with each other and showed typical formations like radial outgrowth and reticulations formed by axons (Figure 2A) . At 24 hours after irradiation with heavy ions or X-rays, the number of cells and the connections between the cells were decreased in the heavy ion irradiation group. Furthermore, the soma became smaller and cytoplasmic refraction was lower.
Most of the cells were clustered and distributed in an uneven manner. In the X-ray irradiation group, the majority of axon connections were fractured. There were more cell debris and cells were sparsely distributed (Figure 2B, C) .
Effect of heavy ion beam and X-ray irradiation on the number of cortical neurons and cytoskeletal protein β-Tubulin III is a member of the tubulin protein family, and is located in the cytoplasm of neuronal cells in the central and peripheral nervous system (Niwa et al., 2013) . The immunofluorescence staining demonstrated that the control cells spread to the surrounding areas with plump cytoplasm, and a streaked cytoskeleton around the nucleus was clearly visualized. Relative to the control group (top panel, Figure  3A ), the cell density was decreased significantly (P < 0.01; Figure 3B ) after heavy ion beam irradiation (middle panel, Figure 3A ). Most of the irradiated neurons became fusiform with cytoplasmic shrinkage and shorter axons, which lessened the contact between cells. Nevertheless, the X-ray irradiated cell density was decreased more dramatically (P < 0.01; Figure 3B ) and a wealth of axonal fractures appeared. In this group (bottom panel; Figure 3A ), the cortical neuronal cells exhibited shrinking and a lower distribution of microtubules. Furthermore, chromatin condensation and transparent regions appeared in the nuclei, which were the early signs of apoptosis.
Effect of heavy ion beams and X-ray irradiation on the surface topography of cortical neurons
Under the atomic force microscope, the surface of neurons in the control group did not appear to be smooth. The neurons had various shapes including spindle and tapered. The cell bodies were large (> 100 μm in length) and rich in cytoplasm, which had a clear boundary with the nucleus. The height of the nucleus was significantly higher than the surrounding cytoplasm. There were ridge-like protrusions and folded structures on the soma, which indicated an abundant cytoskeleton. However, the topological structures of the neuronal cells irradiated with the heavy ion beam were changed, with increased membrane roughness and a prominent surface. In the X-ray irradiation group, the cytoskeletal protein structures became fuzzy or even collapsed (Figure 4) .
Effect of heavy ion beam and X-ray irradiation on the rigidity of cortical neurons
The curve analysis using the JPKSPM data processing software revealed that Young's modulus for neuronal cells was increased after irradiation (P < 0.01), which indicated the
increment of cellular hardness. As compared with the heavy ion irradiation group, the Young's modulus was increased significantly in the X-ray irradiation group (P < 0.01; Figure 5 ).
Discussion
Radiotherapy can directly trigger damage and apoptosis in hippocampal precursor cells, or prevent the proliferation of precursor cells; thus, it can affect the growth and migration of neonatal neurons, reducing the number of neuronal cells, and aggravating cognition and memory dysfunctions (Acharya et al., 2010). Parihar and Limoli (2013) found that the dendrite branches, length and distribution region were reduced in a dose-dependent manner after mice were exposed to cranial radiation at two doses; the number and density of dendritic spines were also decreased. Mizumatsu et al. (2003) found that ionizing radiation inhibits the growth of nerve cells and promotes apoptosis; nerve cell apoptosis reached a peak at 12 hours after X-ray irradiation in the brains of mice. Moreover, only low doses of radiation exposure caused the decrease in the density of basal dendrites in the hippocampal CA1 subfield and dendritic spine in dentate gyrus granule cells, as well as morphological abnormalities (Chakraborti et al., 2012) . However, studies regarding the neuronal cytoskeleton and mechanical properties after irradiation have rarely been reported.
The atomic force microscope can obtain the force-distance curve at any point on the sample surface scanned, thus assisting in the determination of the mechanical properties of the samples. Previous studies have undertaken mechanical measurement of cell bodies and the growth cone area in fixed neurons; the elastic modulus of fixed neurons generally ranges from 10 to several hundred kPa. The modulus values are mediated by the type of neurons and the region measured (Xiong et al., 2009; Jiang et al., 2011) . The detection of mechanical properties using the atomic force microscope should be performed in living cells, which limits the measurement time and the range of applied force. Cell adhesion is also a contributing factor, because non-adherent cells may migrate to the surrounding areas under the action of the probe, resulting in ineffective measurement (Spedden et al., 2012) . Henderson et al. (1992) used the atomic force microscope for the first time to observe the dynamic behavior of the skeleton of glial cells under physiological conditions. Subsequently, Koch et al. (2012) maintained cell viability and stability during the atomic force microscope measurement process, and obtained physiological data including the elastic modulus. However, neurons with a complex structure, vulnerability to mechanical damage and weak adhesion are mostly treated by chemical fixation prior to experimental study. The chemical fixation interventions may bring about some cell biological problems, especially with regard to irradiated neurons under physiological conditions.
The interoperability of the neural network is a basis for the function of the central nervous system (Parekh and Ascoli, 2013) . The formation and establishment of such a network requires precise regulation of synaptic growth and simultaneous repair and reconstruction. Neuronal activity, especially synaptic activity, governs the size and morphology of cells, as well as the density of neurites during brain development (Hur et al., 2012; Malak and Akan, 2012) . It is generally considered that the cytoskeleton is a major determinant of neuronal morphology and changes in it result in neuronal morphology and axon changes, and is the ultimate cause of neuronal death (Gordon-Weeks and Fournier, 2014) . Indeed, during neuronal morphogenesis the cytoskeletal dynamics plays a crucial role in providing forces for neurite elongation and the subsequent stabilization of the formed axons and dendrites (Franze and Guck, 2010; Franze et al., 2013) . The main components of the cytoskeleton are microtubules, actin filaments and intermediate filaments . The structural and mechanical characteristics of neuronal cells are effected by cytoskeletal elements, the cell nucleus and cytoplasm, and by the interaction between neurons and the extracellular matrix, which is referred to as the adhesion of cell-substrate (Letourneau et al., 1994) . Microtubules are important cytoskeletal superstructures, which are implicated in neuronal morphology and function, including vesicle trafficking, neurite formation and differentiation (Ouyang et al., 2013) . Microtubules are a core cylinder consisting of α-and β-tubulin monomers. They are highly dynamic structures that undergo rapid transitions between growth and shrinkage states, known as polymerization and depolymerization (Sakakibara et al., 2013) . Within neurons, microtubules provide the inner scaffolding for the outgrowth of neurites and also serve as transport pathways for the organelles between neuronal cell bodies and axon endings. Therefore, abnormal expression of microtubule proteins and the rearrangement of microtubule structures are closely related to cell injury and death (Zhang and Cantiello, 2009; Kapitein and Hoogenraad, 2011) . Although it is attractive to speculate that microtubules guide the transport within the apoptotic cell cytoplasm, a pharmacological study pointed out that the function of apoptotic microtubules in chromatin positioning is more stable regarding anchorage than motility (Small and Resch, 2005; Blennow et al., 2012) . Moss et al. (2006) have shown that actin filaments and microtubules are involved in inducing the initial process of apoptosis. Alternatively, microtubules and actin might play cooperative roles in apoptotic fragmentation, with the dependence on either varying between cell types. When cells separate during cytokinesis, cooperation between these cytoskeletal systems has been observed. Recent studies have suggested that interphase microtubule depolymerisation might contribute to apoptotic events such as Golgi fragmentation, clustering of mitochondria or the arrest of secretory membrane traffic (Gerner et al., 2000; Pelling et al., 2009; Kapus and Janmey, 2013) . Under certain conditions, the microtubules participate in the rearrangement of the cytoskeleton and apoptosis through the release of their hidden apoptosis-related genes, which largely depend on regulating a variety of signals (Ndozangue-Touriguine et al., 2008) . β-Tubulin III, an important component of microtubule associated protein, exhibits an alteration in expression after radiation damage, which can directly reveal changes in the structure of the neuronal cytoskeleton (Brunden et al., 2013) . In the present study, immunofluorescence staining indicated that at 24 hours after heavy ion and X-ray irradiation, the cytoskeletal proteins were distributed sparsely and the density of neuronal dendritic spines was also obviously reduced, with the disappearance of reticulate structures. These experimental results provide insight into the types of structural changes induced in the cortical neurons by irradiation, which was related to ion energy in a dose-dependent manner. To our knowledge, the depolymerization, misfolding or denaturation of cytoskeletal proteins might contribute to the destruction of the nutrient transport channel within cells after radiation damage. Moreover, some hidden apoptosis-related genes are released through the regulation of several signals, thus triggering apoptosis and inducing acute radiation injury.
To better understand the mechanical properties of cortical neurons, we used an atomic force microscope to monitor the changes in cell topographies and the dynamics of the cytoskeleton components after irradiation. From the high-resolution images acquired using the atomic force microscope, we found that the normal neurons spread evenly, the cytoskeleton distributed densely near the perinuclear region and scattered gradually and evenly in the cytoplasm, which contributed to maintenance of cell morphology. As compared with the control group, the surface topological structure of the neurons was altered, and the distribution of skeletal structures in the cytoplasm became staggered and even disordered after heavy ion irradiation. In addition, there were more protuberances on the cell surface. In the X-ray irradiated group, the number of cord-like skeletal structures was reduced, cell surface roughness was increased, and some cells even appeared to have pore-like changes forming membrane perforation. All of the above changes implied that irradiation could lead to decomposition and rearrangement of the neuronal cytoskeleton, and that the destruction of the cell membrane protein structure is related to alterations in neuronal skeletal protein structure and function.
Mechanical properties of the cell include elasticity, viscosity and rigidity, which correlate with the cell structure, function and skeletal structure. Alterations in cell elasticity and rigidity are indicators of cell changes in the physiological and pathological processes (Radmacher, 1997) . Therefore, the effects of irradiation on the mechanical properties of the neurons can be measured by means of the force-distance curve; the shape of the withdrawn curve reflects the effects of molecule stretching, folding and fracture processes on the cell membrane. The shape of these curves represents the molecular adhesion characteristics of the cell membrane (van der Aa et al., 2001; Pelling et al., 2005) . When the cells have received no irradiation, the acting forces between the membrane surface and the probe can be automatically adjusted through surface prestress or tension, so that the surface of the cell membrane becomes relatively smooth, and no adhesion between the cell surface and the probe is formed. After heavy ion and X-ray irradiation, the cell surface becomes rough, skeletal structure is disordered, the ability of self-regulation in response to the probe stimulation is decreased, so the withdrawn curve is irregular and jagged.
Young's modulus, as determined using the atomic force microscope, is a newly acknowledged cellular phenotype characteristic associated with neuronal cells. It is also a mechanical property and can be defined as a quantitative indicator of cell stiffness or elasticity (Pontes et al., 2013) . Martin et al. (2013) reported that, as the main cytoskeletal proteins, actin conferred a hard structure while β-tubulin III was responsible for softer material. Another recent study has revealed that, during early apoptosis, the cytoarchitecture is highly dynamic and cells exhibit time-dependent changes in Young's modulus that are clearly dependent on specific apoptotic pathways (Dufrêne and Pelling, 2013) . Following radiation injury, our results evidenced an increase in Young's modulus for the cell somas of neurons in radiation induced lesions relative to the control neurons. This increase in Young's modulus revealed a dynamic change in the cytoskeleton and the apparent effect of skeletal rearrangement on cell elasticity. It also indicated an overall hardening of these structures, resulting in severer depolymerization, misfolding or denaturation of microtubules, ultimately leading to a decreased survival rate for cortical neurons.
In conclusion, cranial irradiation can lead to changes in neuronal morphology, and cytoskeletal protein structural disorder may be one of the causes of neuronal morphological change, damage and even apoptosis. Therefore, radiotherapy for brain tumors involving the use of heavy-ion beams or X-rays should be performed carefully at a limited dosage. Our experimental data also revealed that X-rays produced much severer radiation injury to cortical neurons than a heavy ion beam, suggesting that the heavy ion beam has a biological advantage over X-rays in the treatment of malignant tumors and the protection of normal brain tissues. However, the mechanisms involved in the activation of the different signal transduction pathways of cytoskeletal proteins by ionizing radiation, as well as the hidden role of neuronal microtubule-associated proteins in the apoptosis process remain unclear. Hence, additional experimental research is needed in the future. 
